We present results of our survey of faint companions to O-stars using the adaptive optics (AO) system on the 3.63-meter Advanced Electro-Optical System (AEOS) telescope at the summit of Haleakala, on the island of Maui. The AEOS telescope is part of the United States Air Force's Maui Space Surveillance Site.
INTRODUCTION
We have performed most of a multiplicity survey of O stars obtainable by the AEOS telescope, both brightnessand declination-wise. Previous multiplicity surveys of these hot stars have been done using speckle interferometry 1 or spectroscopy and so have been biased towards systems with relatively small brightness ratios. The high resolution and dynamic range of AO observations in combination with observations in the I band will greatly increase the number of faint and cooler companions that can be detected. Future follow-up programs and a more in-depth analysis of the negative detections listed in Section 3.1 can increase the scope of the findings in Ref. 1 ).
OBSERVATIONS

The AEOS AO System
The AO system of the AEOS 3.63-meter telescope is described in detail elsewhere. [2] [3] [4] [5] In short, the telescope (an altitude-azimuth design) uses a standard 7 mirror configuration (the optical axis between mirrors 3 and 4 is along the altitude mechanical axis; the optical axis between mirrors 6 and 7 is along the azimuth mechanical axis) to convey light to the AO system located several floors below the telescope. The AO system can send the compensated beam to one of seven experiment rooms. In its standard configuration, all light shorter than 0.7 µm in wavelength is used for tip/tilt and wavefront detection/correction. Longer wavelengths are available for science.
The system features a Shack-Hartmann wavefront sensor driving an Xinetics 941-actuator deformable mirror. The heart of the wavefront sensor is a 128×128 pixel low-noise CCD, capable of a 2.5 kHz frame rate. Wavefront reconstruction is accomplished through a modified least-squares reconstructor.
Observing Strategy
The camera used for this work is the standard visible imager (VisIm) of the AEOS telescope. The camera is a Pentamax 512×512 pixel CCD cooled detector array. The maximum frame rate is slightly greater than 4 Hz. The spectral range is 0.7 to 1.1 µm. The field of view can be remotely selected, from a choice of 51.6, 120, or 300 µrad. Because the primary mission of the AEOS telescope is satellite imagery, the VisIm camera was designed to that end, making it less than optimal for astronomical objects. For speed of readout, the camera uses frame transfer technology and a 12-bit digitizer. Frame transfer cameras have a higher readout noise than the typical camera used in astronomy. For bright objects, the 12-bit digitizer well can quickly fill up. Because of this, neutral density filters are integral to operations. Finally, the VisIm is not equipped with a shutter.
In light of these limitations, we developed an observing strategy to cope. Because all light blueward of 700 nm is used for making the AO system work, one wants to avoid target objects that emit most of their light towards the red end of the spectrum. This led to the choice of O stars as the primary target objects. To match much of the visible AO science published in the literature, we use the Bessel I filter 6 for the science band. As an added benefit, the I band will de-ephemsize the bluish O-star primary to a certain extent, perhaps allowing a fainter companion to be seen than would be allowed with a shorter wavelength filter.
To deal with the higher readout noise and 12-bit digital signal well, many frames are taken at a short enough exposure time to avoid overflowing the digitizer (keeping the counts below 4096). In practice, we have found that 250 to 1000 frames (depending on the ultimate noise floor desired) is adequate (see Section 2.5). While that number of frames is 5 to 20 times more than is normally required, the system has no problem keeping up with the data flow, and in this day and age, data space is inexpensive.
Finally, the lack of a mechanical shutter on the VisIm system affects only data taken on brighter stars. This "smears" the star a small bit in the direction of the frame transfer, effectively creating a higher noise floor in one direction away from the target star. If there were a faint companion in that direction from the star (as opposed to another one), it would have to be brighter to be detected. For the dimmer stars, the amount of stellar exposure to the camera during the frame transfer is undetectable.
Observing List
Though the AEOS telescope AO system is capable of observing down to an elevation of -5
• , experience has shown that AO systems perform best at elevations higher than 45
• . This information, along with the latitude of the telescope (20
• 42'30.5"), provides the basis for the primary star list: O-stars between the declination angles of -25
• and +66
• , brighter than m V =8.0. This list has 90 members. To increase the number of objects, the primary star list was supplemented by a secondary list: O-stars between the declination angles of -45
• and +86
• , brighter than m V =8.0, and not in the primary list. This list has 41 members.
Data Reduction and Calibration
The traditional way to get a bias frame is to close the shutter, clear the detector, and immediately read the detector out. The VisIm camera is constantly reading out the data. In the finite period of time it takes to read the frame out, the camera is effectively taking a dark frame, albeit a short one. The minimum exposure time is 10 milliseconds. For many of the objects, that is too long compared to the total exposure time to give accurate debiasing.
To get a bias frame, a sequence of dark frames of ever longer exposure times is taken. The longest exposure time is usually similar in length to the longest exposure time expected to be taken during the course of observation (usually about 3 seconds). A pixel-by-pixel least squares analysis is done on the sequence of dark frames. The 2-dimensional array of "slopes" gives the dark frame, while the "intercepts" give the bias frame.
In reducing the data, all images were debiased and flatfielded in the conventional way. For the sequence of images, a weighted shift-and-add was used to create the final image. The weighted shift-and-add algorithm 7 is a modification of the traditional image stacking algorithm which takes the AO performance (usually correlated with seeing conditions, but not always) in each individual frame into account. The frames with higher peak values (which represent better AO performance) influence the final image more than frames with lower peak values. The fitting algorithm is described in detail in Ref. 8 (ten Brummelaar et al., 2000) . In short, the point spread function (PSF) used to represent the system performance is the primary star in the image with a few modifications; near the primary, the PSF is a pixel-for-pixel table of numbers, while farther out, the PSF is a radially symmetric series of values. This PSF is fitted to the primary and secondary components and iterated upon until the intensity ratio converges. The algorithm outputs the x-and y-values of the primary and secondary and a magnitude difference.
The VisIm camera is equipped with a rotating dove prism to compensate for the image rotation inherent in an altitude-azimuth telescope. When the derotator is set to "astronomical mode", north is at the top of the frame. The image-scale calibration was done by taking data on several known binary stars † , calculating the position angle and separation at the time the data were taken (using the known orbital elements), and comparing it to the x-and y-values of the primary and secondary positions measured from the data.
Sensitivity Issues
No AO system performs perfect wavefront reconstruction. The net effect of this imperfect wavefront reconstruction is to create an image with a peak value about 20% of what it could be, on top of a slightly raised halo. The halo is the residual light that did not make it into the image peak and continues a long way out from the image peak. In addition, AO systems employing the Fried geometry within their wavefront sensors (a common geometry used with Shack-Hartmann wavefront sensors) leave an additional residual "waffle pattern". All of these effects conspire to make the detection of faint companions a function of distance from the primary as well as magnitude difference. Figure 1 shows a "typical" radial profile reworked to show the primary/faint-companion magnitude difference (at I band) potentially detectable as a function of radius from the primary. The curves are (from the bottom) the detectability for 1, 10, 50, 100, 250, and 1000 co-added frames. Notice the "shoulder" at about 1 arcsec radius in the diagram. This is a consequence of the "waffle pattern" referred to earlier. Typically, for Fried geometry wavefront sensors, there are four raised spots centered around the primary. These four spots are averaged over the annulus to produce the shoulder in figure 1 . The slope upward towards larger radii is due to the decreasing effect of the AO halo.
Keep in mind that figure 1 is only a "rule-of-thumb" relation. AO systems are sensitive to raw seeing conditions, apparent brightness of the primary object, and optical alignment. As a result, depending on conditions, a faint companion right near the threshold of detection might be detectable under relatively good atmospheric conditions, but be lost under poorer conditions. Also, for primary stars near the overall correction magnitude limit for the AEOS AO system will not have as good a wavefront correction and therefore may not concentrate the light of the faint companion enough to be detected above the background noise.
RESULTS
Determination of whether a reduced data set (bias/dark/flat adjusted and shift-and-added) contains a companion or not is determined manually. We have found that the human eye (with its attached brain) is the best way to determine whether a bump in the background is a flat-fielding error, a noise spike, a dust mote, or a faint companion. A further check to this manual determination is done by the PSF fitting routine. If the faint companion profile does not have a plausible match to the PSF (that is to say that its profile is a noise spike † The U. S. Naval Observatory maintains the Sixth Catalog of Orbits of Visual Binary Stars, a catalog of binary stars with known orbital elements. In addition, they maintain a subset of that catalog, the "Calibration Candidates" list -a selection of systems with higher quality orbital elements or wider systems with lower quality orbital elements, but with a long enough period that the predicted positions will be quite accurate for years to come. It is available on the World Wide Web at http://ad.usno.navy.mil/wds/orb6.html. or broadish flat-field error), the fitting routine will usually fail. With this in mind, the companions detected in this way (and "verified" by the PSF fitting routine) may still be spurious detections. Table 1 lists all the "no companion" detections so far of the objects on the O stars list. The data were taken under very different seeing conditions, so a negative result does not necessarily mean that there was no companion, just that any companion that might be there will be close to the thresholds defined by figure 1. Note also that this survey only samples the field within a 5 arcsecond radius of the primary object. Table 2 , lists all the positive companion detections, both previously known and newly discovered (flagged with an asterisk, "*"). If a Washington Double Star (WDS) system designation is available, it is listed in the table as well. In the following subsections, we discuss each new discovery in turn.
Stars with No Detected Companions
Stars with Detected Companions
HD 15558 = WDS 02327+6127
The companion is only marginally visible above the background. Due to its extreme faintness and reasonably large separation from the primary, it could either be a spurious detection or a background star. The WDS lists only one companion to this star, a companion at a separation of about 9 seconds of arc and about 2 magnitudes fainter. The new discovery does not match that companion. 
HD 17505 = WDS 02511+6025
The profile of the image matches the profile of the primary quite well, so the new discovery is definitely stellar in nature. The distances of the new discovery and the closest companion (see the next paragraph) are too much alike to make this new companion a likely dynamic member of the system. It is most likely a background star. The WDS lists 6 companions to this star, the closest at a separation of about 2 seconds of arc, and the farthest about 125 seconds of arc. The 2-second companion is visible in the image and is listed in Table 2 . The new detection is a little bit further out in radius.
HD 47129
The new discovery is definitely stellar in nature. Its profile also matches the primary quite well. The differential magnitude explains why speckle interferometry did not detect it. The relatively small separation explains why wide-field surveys did not detect it. The WDS lists no companions to this star.
HD 164863 = WDS 18042-2230
The new discovery is definitely stellar in nature. Its profile also matches the primary quite well. The differential magnitude explains why speckle interferometry did not detect it. The relatively small separation explains why wide-field surveys did not detect it. The WDS lists only one companion to this star, a companion at a separation of about 30 seconds of arc and about 1.5 magnitudes fainter. The new discovery does not match that companion.
HD 193514
The new discovery is definitely stellar in nature. Its profile also matches the primary quite well. It is not understood why this star was missed by wide-field surveys. The WDS lists no companions to this star.
